Uniaxial experiments were carried out on red sandstone specimens to investigate their short-term and creep mechanical behavior under incremental cyclic compressive and tensile loading. First, based on the results of short-term uniaxial incremental cyclic compressive and tensile loading experiments, deformation characteristics and energy dissipation were analyzed. The results show that the stress-strain curve of red sandstone has an obvious memory effect in the compressive and tensile loading stages. The strains at peak stresses and residual strains increase with the cycle number. Energy dissipation, defined as the area of the hysteresis loop in the stress-strain curves, increases nearly in a power function with the cycle number. Creep test of the red sandstone was also conducted. Results show that the creep curve under each compressive or tensile stress level can be divided into decay and steady stages, which cannot be described by the conventional Burgers model. Therefore, an improved Burgers creep model of rock material is constructed through viscoplastic mechanics, which agrees very well with the experimental results and can describe the creep behavior of red sandstone better than the Burgers creep model.
Introduction
In many rock engineering fields such as underground excavation, rock slope engineering, and mining, rock materials often experience cyclic loading [1] . It is well known that the mechanical behavior of rocks under cyclic loads differs dramatically from that under static loads [2] . Therefore, it is necessary to understand the response of rock mass under cyclic loads.
Laboratory testing is the main method to understand the mechanical behaviors of rock mass. Therefore, in the past several decades, extensive investigations have been carried out on the mechanical behavior of rock mass under cyclic uniaxial or triaxial compressive loads on the basis of laboratory experimental results. Based on the uniaxial cyclic compression test results, Ge et al. [3] discussed the threshold of axial stress for fatigue failure of rocks. Ma et al. [4] and Fuenkajorn and Phueakphum [5] 
investigated
Young's modulus degradation with loading cycles. Huang and Li [6] investigated the characteristics of strain energy accumulation, dissipation, and release based on the axisymmetric triaxial compression loading-unloading test results. He et al. [7] carried out an experimental investigation of strength and fatigue properties of intact sandstone samples subjected to dynamic cyclic loading in the laboratory. Erarslan and Williams [8] examined the damage mechanism of rock fatigue and its relationship to the fracture toughness of rocks using Brisbane tuff disc specimens. Zhao et al. [9] analyzed the creep behavior of intact and cracked limestone by a series of triaxial creep tests under multilevel loading and unloading cycles.
The above experimental results provide a better foundation for the construction of a damage evolution equation and a creep model under cyclic compression load. Liu et al. [10] proposed a damage evolution equation for rock salt under uniaxial compression loading condition. Wang et al. Shock and Vibration [11] proposed a constitutive model for the fatigue behavior of rocks subjected to cyclic loading according to the triaxial compression test results. Liu et al. [12] developed a new damage constitutive model through energy dissipation to describe the behavior of rocks under uniaxial compression cyclic loading. Yang et al. [13] constructed a viscoelastoplastic creep model of rock material, which can better describe the triaxial compressive loading and unloading creep behavior of marble. Khaledi et al. [14] employed an elastoviscoplastic creep model to predict the stress-strain relation around the cavern during the construction and cyclic operation phases.
It is noteworthy that the abovementioned studies mainly focus on the mechanical behavior of rocks under cyclic loads of compressive loading and unloading, while the stability of many geotechnical engineering processes, such as underground excavation, mining tunnel, and slope, may be dominated by tensile stress. Since the tensile creep rupture strength of red sandstone is about 1/40 of its compressive creep rupture strength [15] , it is very necessary to consider the tensile stress in the mechanical behavior study of red sandstone under cyclic loading.
To better understand the uniaxial mechanical behavior of deep rock mass, short-term and creep tests were conducted for red sandstone located at an underground tunnel in Chongqing city under uniaxial cyclic incremental compressive and tensile loading. Based on the short-term uniaxial cyclic experimental results for red sandstone, the strain at peak stress, residual strain, area of hysteresis loop, and energy dissipation behavior of red sandstone were first analyzed. In accordance with creep experimental results, Burgers creep model was used to describe the behavior of the red sandstone, but it was found to be not fitting with the experimental data very well. Thus, an improved Burgers creep model was constructed to capture experimental results of red sandstone creep under cyclic compressive and tensile loading. The comparison of the improved Burgers creep model with the experimental results shows an excellent match and verifies the validity of the suggested model.
Specimens and Method

Specimen Preparation.
Sandstone specimens for incremental uniaxial cyclical testing were collected from a deep underground tunnel in Chongqing city. Sandstone in this area is red. The average unit weight is about 2380 kg/m 3 . According to the method suggested by ISRM, all tested sandstone specimens are cylindrical with a diameter of 50 mm and a length of 100 mm approximately (see Figure 1 ). More than 15 specimens were prepared for the tests: three specimens (numbers 1∼3) for conventional uniaxial compression experiments, three specimens (numbers 4∼6) for conventional uniaxial tensile experiments, one specimen (number 7) for incremental uniaxial cyclical compressive and tensile loading test, and one specimen (number 8) for incremental uniaxial cyclical compressive and tensile loading creep test, and the remaining specimens were prepared for compensatory tests.
Testing Equipment.
Both conventional experiments (including uniaxial compression and tension) and incremental cyclic experiments of specimens were carried out using a servo-controlled experiment machine INSTRON 1342 with axial loading in the range of 0-200 kN. The experimental setup and deformation sensor measurement system are shown in Figure 2 . The cyclic incremental uniaxial compressive and tensile creep experiments of specimens were carried out using a self-made lever-type tensile and compression rheological tester (see Figure 3) . By removing the tension supporting bar, the tester can apply compressive loads, and by adding this supporting bar and removing the transfer bolt, the tester can apply tensile loads easily [16] .
To avoid the eccentric force under cyclic compressive and tensile loading, a self-made specimen holding device [15] was also used in both short-term and creep cyclic loading tests. The specimen holding device is shown in Figure 4 .
Experimental Setup.
Two different kinds of incremental uniaxial cyclic compressive and tensile loading tests were conducted in this research, which were short-term incremental compressive and tensile cyclic loading test and incremental compressive and tensile cyclic loading creep test, as shown in Figures 5(a) and 5(b), respectively.
The procedure of incremental cyclic compressive and tensile loading test can be described as follows: first, the specimens are installed on the specimen holding device by using high performance resin adhesive, and at least 48 hours is required for the adhesive to be cured (as shown in Figure 4 ). The holding device was then placed on the testing machine. A loading rate of 0.005 mm/min was used to give the specimen cyclic loading paths of compressive loading, compressive unloading, tensile loading, and tensile unloading. Different stress levels such as 20%, 40%, 60%, and 80% of the specimen's average uniaxial tensile and compressive strength are used ( Figure 5 (a)). The procedure of cyclic incremental compressive and tensile creep loading test was conducted on another specimen (number 8). In the creep experiments, stress levels are also 20%, 40%, 60%, and 80% of the specimen's average uniaxial tensile and compressive strength, which are the same as the short-term stress levels, as shown in Figure 5 (b). The duration for each stress level (each compressive or tensile stress stage) was about 12 hours. Calculated weights were used to apply the compressive and tensile stress levels. Before switching between the compressive and tension phase, each kind of stress will be removed. For minimum influence on the testing results, the load switch procedure needs to be completed in two minutes. The electrical resistance strain gauges were used to measure the axial strain and the lateral strain of the specimens (as shown in Figure 1 ). Gauges with the size of 3 × 5 mm were used to measure the lateral strain of the specimens and gauges with the size of 3 × 20 mm were used to measure the axial strain. All the electrical resistance strain gauges have the same resistances which are 120 ohms.
Experimental Results and Discussions
Conventional Uniaxial Tests Results.
Before the cyclic loading tests, conventional uniaxial compression and tension tests for the red sandstone samples were carried out to measure their short-term strength and deformation behavior. Figures 6 and 7 show the typical curves of stress versus strains of sandstone specimens under compression and direct tension, respectively. The volumetric strain during the tests was calculated by the axial and the lateral strain from (1). In accordance with the stress-strain curves of red sandstone specimens under uniaxial compressive loading, the compression deformation of red sandstone can be divided into four stages ( Figure 6 ): (I) pore and fissure closure, (II) elastic deformation, (III) crack growth, and (IV) postpeak softening, as shown in Figure 6 . The uniaxial compressive strengths of the specimens (numbers 1-3) are 52.85 MPa, 56.55 MPa, and 53.57 MPa, respectively, with an average value of 54.32 MPa. While there are two or three stages in the stress-strain curves of red sandstone specimens (numbers 4-6) under uniaxial tensile loading, the stages are (I) elastic deformation, (II) crack growth, and (III) postpeak softening, as shown in Figure 7 . The uniaxial tensile strengths of the specimens (numbers 4-6) are −1.39 MPa, 1.41 MPa, and −1.40 MPa, respectively, with an average value of −1.40 MPa.
where 1 is the axial strain, 3 is the lateral strain, and V is the volumetric strain. Figure 8 . The maximum compressive stresses in Figure 8 are 10.86 MPa, 21.73 MPa, 32.59 MPa, and 43.46 MPa, respectively, and the maximum tensile stresses in Figure 8 are −0.28 MPa, −0.56 MPa, −0.84 MPa, and −1.12 MPa, respectively. It can be seen from Figure 8 that the curve of stress-strain formed hysteretic loops after each stress path of compressive loading, compressive unloading, tensile loading, and tensile unloading and that the area of the hysteretic loops increased with the increasing of the loading stress. It was also found that the stress-strain curves in the compressive loading stages and the tensile loading stages were overlapped. There is a certain value of residual strain after each cyclic load. Figure 9 shows the strain at peak stress and the residual strains with cycle number. It was found that the strains at the peak compressive stress increase nearly linearly with the increase of the cycle number, while the power function can better express the relationship between the strains at peak tensile and the cycle number and the relationship between the residual strains and the cycle number.
Energy Dissipation Characteristics.
Rock is a natural geological material containing joints and microcracks. Cyclic compressive and tensile loads will cause microcracks to coalesce, develop, and extend, and the whole process subsequently causes energy dissipation. The considered dissipated energy in each loading cycle ( diss ) can be obtained by calculating the area defined by the hysteresis loop in the stress-strain curves [17] . Since the zone between the loading and unloading stress-strain curves represents the dissipated energy density [18] , the dissipated energy diss can be expressed as [19] 
where diss is the dissipated energy, is the dissipated energy density, is the cross-sectional area of the specimen, is the length of the specimen, and 1 and 1 are the corresponding stress and strain. According to (2) , the dissipated energy of the red sandstone was calculated in each cycle loop, and the relationship between the dissipated energy and the cycle number is shown in Figure 10 . It was found that the dissipated energy increases nearly in a power function with the cycle number.
Creep Behavior of the Specimens under Cyclic Loading
Cyclic Creep Test Results.
In accordance with the testing procedure shown in Figure 5(b) , cyclic loading creep test results of red sandstone with different uniaxial compressive and tensile stress were obtained, as shown in Figure 11 . The stress levels were the same as these of the short-term compressive and tensile cyclic loading tests, and they lasted for about 12 hours at each compressive or tensile stress level. It can be deduced from Figure 11 that, for each compressive or tensile stress level, the axial and the lateral strain rates increase first and then gradually decrease to a constant value after a period of time. According to the evolution of the creep strain, the creep curve under each stress level can be divided into decay and steady stages. necessary to simulate the creep behavior of rocks by using a creep model. As we all know, the creep curve of Burgers creep model starts with transient deformation, and then it grows in an exponential decline rate and tends to be constant [20] , which can be regarded as the combination of the Maxwell model and Kelvin model.
Creep Model and Parameter Identification
The creep function of the Burgers creep model is
where is the stress; 1 and 2 are the elastic moduli; 1 and 2 are the viscosity coefficients. Take the processed data of axial creep as an example; in accordance with (3), the creep parameters ( 1 , 1 2 , 2 ) for Burgers model can be identified by the nonlinear curve fitting. The identified Burgers creep model parameters are listed in Table 1 , and Figure 12 presents a comparison of the Burgers creep model curves and the experimental results for red sandstone. From Figure 12 and Table 1 , we can see that Burgers creep model can describe the creep behavior of the red sandstone under the cyclic incremental uniaxial compressive and tensile stress, but the precision of the model still needs improving.
From Table 1 , it also can be seen that, under the compressive stress, the elastic parameters 1 and 1 vary slightly with the increase of stress. The parameter 2 decreases with the increase of stress, whereas the parameter 2 has no marked relationship with the stress. However, the parameters 2 and Shock and Vibration Figure 11 that the axial and the lateral creep curves show obvious nonlinear behavior; the instantaneous strain, decay creep, and steady creep reveal a trend of increase with the cycle number and cycle loading, indicating that both the cycle number and the level of the stress are the primary reason for the nonlinear behavior of the red stone under uniaxial cyclic loading. In order to better describe the creep behavior of red sandstone material under cyclic incremental uniaxial compressive and tensile stress, by adopting the decreasing hypothesis of viscosity coefficient [21] [22] [23] , an improved Burgers creep model of rock material can be proposed, as shown in Figure 13 .
The creep equation of the improved Burgers creep model can be written as
where and are the creep stress and creep strain, respectively; 1 and 2 are the elastic moduli; 2 is the viscosity coefficient; is the creep time under each creep stress level. Here, ( , ) can be expressed as
where 0 is the initial viscosity coefficient; 0 is the unit time, whose value is 1; and is the creep parameter, which is related to the cycle number and cycle loading.
Based on the creep test data under compressive and tensile stresses, the relevant parameters of the improved Burgers creep model were identified from data processing, as shown in Table 2 . The calculated results of the creep curves and the tested ones are shown in Figure 14 , and 
Conclusion
In this paper, the results of short-term and creep experiments on red sandstone specimens under uniaxial incremental cyclic compressive and tensile loading are reported. In accordance with the experiment results, deformation characteristics and energy dissipation of red sandstone under short-term cyclic loading were analyzed, and the Burgers and the improved Burgers creep model of rocks were used to evaluate the creep behavior of red sandstone. Based on our experimental and modeling results, the following conclusions can be drawn:
(1) In accordance with the short-term uniaxial experimental results of red sandstone under cyclic loading, the curve of stress-axial strain formed hysteretic loops after each cyclic loading and the area of the hysteretic loops increased with the loading stress. The stressstrain curves in the compressive loading stages and the tensile loading stages have an obvious memory effect. It was also found that the dissipated energy increased nearly in a power function with the cycle number.
(2) Under each uniaxial compressive or tensile loading, the axial and the lateral creep strain rates increase first and then gradually decrease to a constant value after a period of time. The creep curve under each stress level can be divided into decay and steady stages.
(3) Compared to the traditional Burgers creep model, the proposed improved Burgers creep model has higher prediction precision in simulating the behavior of the sandstone under incremental uniaxial cyclical compressive and tensile loading.
